We designed a plate impact shock recovery experiment to simulate the starting materials and shock conditions associated with the only known natural quasicrystals, in the Khatyrka meteorite. At the boundaries among CuAl 5 , (Mg 0.75 Fe 2+ 0.25 ) 2 SiO 4 olivine, and the stainless steel chamber walls, the recovered specimen contains numerous micron-scale grains of a quasicrystalline phase displaying face-centered icosahedral symmetry and low phason strain. The compositional range of the icosahedral phase is Al 68-73 Fe 11-16 Cu 10-12 Cr 1-4 Ni 1-2 and extends toward higher Al/(Cu+Fe) and Fe/Cu ratios than those reported for natural icosahedrite or for any previously known synthetic quasicrystal in the Al-Cu-Fe system. The shock-induced synthesis demonstrated in this experiment reinforces the evidence that natural quasicrystals formed during a shock event but leaves open the question of whether this synthesis pathway is attributable to the expanded thermodynamic stability range of the quasicrystalline phase at high pressure, to a favorable kinetic pathway that exists under shock conditions, or to both thermodynamic and kinetic factors.
We designed a plate impact shock recovery experiment to simulate the starting materials and shock conditions associated with the only known natural quasicrystals, in the Khatyrka meteorite. At the boundaries among CuAl 5 , (Mg 0.75 Fe 2+ 0.25 ) 2 SiO 4 olivine, and the stainless steel chamber walls, the recovered specimen contains numerous micron-scale grains of a quasicrystalline phase displaying face-centered icosahedral symmetry and low phason strain. The compositional range of the icosahedral phase is Al 68-73 Fe [11] [12] [13] [14] [15] [16] Cu 10-12 Cr 1-4 Ni 1-2 and extends toward higher Al/(Cu+Fe) and Fe/Cu ratios than those reported for natural icosahedrite or for any previously known synthetic quasicrystal in the Al-Cu-Fe system. The shock-induced synthesis demonstrated in this experiment reinforces the evidence that natural quasicrystals formed during a shock event but leaves open the question of whether this synthesis pathway is attributable to the expanded thermodynamic stability range of the quasicrystalline phase at high pressure, to a favorable kinetic pathway that exists under shock conditions, or to both thermodynamic and kinetic factors.
icosahedrite | shock metamorphism | alloys | meteorites | quasicrystals Q uasicrystals are solids with rotational symmetries forbidden for crystals (1, 2) . Quasicrystals can be synthesized in the laboratory by mixing precise ratios of selected elemental components in the liquid and quenching under strictly controlled conditions ranging from rapid to moderately slow (3, 4) . Nonetheless, the finding of two natural quasicrystals (5) (6) (7) (8) in the Khatyrka meteorite (9) , which displays clear evidence of a shock generated by a high-velocity impact event (10) , introduced a dramatic new possible mechanism of quasicrystal formation. Here, we report the results of a shock recovery experiment designed to reproduce some aspects of a collision that may have occurred between extraterrestrial bodies.
Icosahedrite is only stable on the liquidus of the Al-Cu-Fe system in a narrow compositional range and only between 700°C and 850°C at ambient pressure (11) , but its stability field is enlarged in static high-pressure conditions, where it has been observed in experiments quenched from 1,400°C at 21 GPa (12) . The presence of other high-pressure phases (ahrensite and stishovite) (10) associated with shocks, adjacent to icosahedrite and decagonite in the Khatyrka CV3 carbonaceous chondrite, together with the static high-pressure stability of the quasicrystalline phase, are suggestive of an origin during the high-pressure pulse of a shock event. However, there are numerous differences between the static high-pressure, high-temperature conditions studied by Stagno et al. (12) and shock-induced conditions at nominally similar peak (P, T) conditions-including heterogeneous and rapidly time-varying pressure and temperature fields (13, 14) , typical adiabatic decompression rather than temperature quench at high pressure (15) , and hypersonic turbulent shear flows (16) (17) (18) . A direct demonstration of synthesis of an Al-Cu-Fe icosahedral quasicrystal from discrete starting materials in a laboratory shock recovery experiment would offer substantial new evidence in favor of the shock-induced origin of the natural example and potentially may provide uniquely precise constraints on the shock conditions experienced in the Khatyrka meteorite.
Observations of the Khatyrka meteorite specimens show that CuAl-rich alloys are present as well as phases typical of CV3 carbonaceous chondrites, including Fe-bearing olivine and FeNi metal (9) . , generating a shock event with a duration of 500 ns and peak shock pressures in the various layers ranging from 14 to 21 GPa. The chamber was recovered intact, sawn open along a plane parallel to the shock direction, polished, and examined by scanning electron microscopy (SEM), electron backscatter diffraction (EBSD), and electron probe microanalyzer. One grain displaying pentagonal symmetry in EBSD was plucked from the exposed surface, mounted on a carbon fiber, and analyzed by single-crystal and powder X-ray diffraction (XRD).
Results
A general reflected-light view of one-half of the polished surface of the recovered specimen is shown in Fig. 1 
. Little if any transformation

Significance
The singular occurrence, to date, of natural quasicrystals requires an explanation both of the possibility and of the rarity of their formation outside of the laboratory. Successful synthesis by an experimental shock, with starting materials similar to the exotic intermetallic alloys in the Khatyrka meteorite, demonstrates a mechanism that is feasible in space but not in any natural setting on Earth. The previously unrecognized composition of the synthesized quasicrystal, the first, to our knowledge, to be created by shocking discrete bulk starting materials, demonstrates a method for discovery of previously unknown quasicrystal compositions. or reaction is observed in the interiors of the target layers or along most of the interfaces in the region of one-dimensional flow near the center of the capsule (toward the right side of the image). Along the outer circumference of the chamber, however, a channel about 1 mm wide displays a strong shear flow or jet with transport of material more than 1 mm down-range from its starting point. The texture shows angular fragments of olivine grading into rounded spherules surrounded by metal of a color and backscattered electron contrast (Fig. 2 ) distinct from any of the starting materials or chamber wall. We focus here on a region at the boundary between the unmodified CuAl 5 layer and the newly formed hybrid metal region, close to the edge of the olivine layer and containing numerous rounded nonmetallic inclusions. At the leading edge of interaction between the Fe-rich metal and the CuAl 5 metal, in intimate contact with rounded blobs of olivine and spinel-like composition, we found a region labeled i-phase in Fig. 2C that displays a pentagonal symmetry in its Kikuchi pattern obtained by EBSD (Fig. 3, Upper) . The EBSD software, which is designed to index crystalline phases, was unable to index this pattern in any standard crystal system. Electron microprobe analysis of this grain yields the composition shown in Table 1 : on an atomic basis, Al 72 Fe 16 Cu 10 Cr 1 Ni 1 . Two other grains found on the opposite side of the capsule (in similar position relative to the CuAl 5 , rounded olivine and spinel-composition regions, and SS304 starting materials) yield similar compositions with measurable concentrations of all five of these elements and display the pentagonal symmetry in their EBSD Kikuchi pattern. Noting that none of the starting materials contains all of the elements found in the i-phase, a reaction during the experiment involving at least two of the starting materials was necessary to form this phase. The simplest explanation, given the presence of Cr and Ni, is that the i-phase formed by reaction of the CuAl 5 and SS304, but only in the presence of or on the surfaces of olivine or spinel-like melt globules derived from the olivine by reduction of Fe and Si coupled to oxidation of Al (Fig. S1 ). The FeNi and Al 14 Cu 4 Fe 1 Ni 1 layers did not appear to have contributed material to the region of quasicrystal formation; they may not have reached high enough temperature to melt, mix, or react.
After analysis in polished section, a single grain from the area shown in Fig. 2C was extracted, attached to a carbon fiber, and Table 1 , the EBSD pattern in Fig. 3 , Upper and the subject of XRD study in Fig. 3 , Lower and Table 2 . The dark regions in this image are mostly close to MgAl 2 O 4 composition; some are close to Mg 2 SiO 4 . Some dark regions are crystalline, and some appear to be amorphous.
analyzed by both single-crystal and powder XRD. The singlecrystal pattern, in gnomonic projection, is shown in Fig. 3 , Lower (Precession figures down the fivefold, threefold, and twofold axes are given in Fig. S2 ). It displays precisely the same rotational axes and overall face-centered icosahedral symmetry as natural icosahedrite and low phason strain. This low phason strain is contrary to the typical appearance of metastable quasicrystals grown by rapid quenching from melt, which exhibit phason strain that manifests as diffraction peaks that are broadened and shifted systematically from the ideal icosahedrally symmetric pattern (19, 20) . The peaks in the powder diffraction pattern, indexed on the basis of six integer indices conventionally used with quasicrystals (3, 4) , are listed in Table 2 and compared with the corresponding peaks in the isostructural natural icosahedrite Al 63 Cu 24 Fe 13 (5, 6) . All of the same peaks are identified but are systematically shifted to larger d-spacing (the powder patterns are compared in Fig. S3 ). In detail, the second figure-of-merit test introduced by Lu et al. (21) to compare the observed intensities to those of an ideal quasicrystal can be used as a sensitive quantitative test of phason strain. The intensities measured for the i-phase produced in our shock experiment are nearly identical to those observed for icosahedrite (5) , which scored as well as the best laboratory specimens. The pattern is
and Al/Cu ratio established in previously observed Al-Cu-Fe quasicrystals in the range of 12.62 < a 6D < 12.64 Å (22) . The substantial grain size (up to 10 μm) and low phason strain seem inconsistent with the timescale of the high-pressure pulse, ∼500 ns; more likely, even if nucleation occurred at peak pressure, quasicrystal growth and annealing continued after pressure release until the millimeter-scale, high-temperature region associated with strong shear flow and melting was cooled by conduction to adjacent low-temperature areas.
Discussion
The results of our shock synthesis experiment answer some questions and raise others. Most significantly, as the first, to our knowledge, documented shock synthesis of a quasicrystal from discrete bulk starting materials, it lends support to the hypothesis that the quasicrystals found in the Khatyrka meteorite formed as a result of hypervelocity impacts among objects in the early Solar system. We note that this synthesis was successful on the first attempt. However, the experiment does not explain the ultimate origin of Cu-Al alloys in the Khatyrka precursor or whether the source of Fe is direct incorporation from Fe-rich metal or reduction of Fe 2+ from neighboring minerals. Notably, our shock synthesis process has produced a new type of quasicrystal with composition and lattice parameter (a 6D ) distinct from all previously known quasicrystals in the Al-Cu-Fe family. In terms of explaining natural icosahedrite, the compositional difference suggests that some combination of the starting materials, pressure-temperature-time history, or flow field in the experiment was not a perfect match to the conditions of the natural shock. As a novel synthesis procedure, our work suggests that shocking combinations of discrete bulk materials [in contrast to shocking homogenized powders with compositions matching previously known quasicrystals (23)] may prove to be a useful pathway for discovering new quasicrystals and developing a better understanding of their kinetic and thermodynamic stability. The total duration between first shock and release was close to 500 ns throughout the sample stack. At the radial boundaries of the sample stack, machining gaps allowed substantial shear flow, with brecciation followed by melting and material transport distances as large as 1 mm. Temperatures in this region were sufficient, based on intermingling textures and spherical droplet formation, to melt both metal and silicate materials either on shock or, more likely, upon release, but it is unclear how to quantify the peak temperature. Most of the interesting reactions occurred in the boundary region in or near these areas of large shear flow (as evident in Figs. 1 and 2) . We wish to point out that, in interpreting these images, the dark areas are not to be mistaken for voids or vesicles; they are filled with low-Z oxide or silicate material. Although, in a previous experiment at somewhat higher pressure and longer duration, we found transformation of olivine to the high-pressure polymorph wadsleyite (24) , recovery of such polymorphs in experiments is exceedingly rare. Despite an extensive search by means of synchrotron XRD maps and electron backscatter diffraction experiments, we found no highpressure silicate polymorphs in the present sample.
SEM. The sample was sawn in half with a water-cooled diamond wafering blade along a plane parallel to the shock propagation direction. 2 active area Oxford X-Max Si-drift-detector EDS, and an HKL electron backscatter diffraction (EBSD) system. Imaging, mapping, semiquantitative EDS analysis, and EBSD of the previously identified regions were conducted using the SmartSEM, AZtec, and Channel 5 softwares packages. Analyses used a 20-kV accelerating potential and a 120-μm field aperture in high-current mode (∼4-nA probe current), yielding imaging resolution better than 3 nm and an activation volume for EDS analysis ∼1 μm
.
Electron Probe Microanalyzer. After location of the i-phase and identification of major and minor elements by SEM, three regions were reanalyzed for Al, Cu, Fe, Cr, and Ni using wavelength dispersive X-ray spectroscopy on a fivespectrometer JEOL 8200 electron microprobe in the GPS analytical facility at Caltech. High spatial resolution was achieved using conditions of 15 kV, 5 nA, and a focused beam. Pure metal standards were used. Counting times were 20 s on-peak and 10 s each on high and low background positions. Data reduction used the CITZAF routine built into the Probe for Electron Probe Microanalyzer (EPMA) software.
XRD. Studies were performed at the Centro di Studi per la Cristallografia Strutturale, Department of Chemistry, Università di Firenze, Italy. A small fragment (size about 10 × 5 × 5 μm) was extracted from the polished section under a reflected light microscope and mounted on a 5-μm-diameter carbon fiber, which was, in turn, attached to a glass rod. The single-crystal X-ray study was done with an Oxford Diffraction Xcalibur3 CCD single-crystal diffractometer using MoKα radiation (λ = 0.71073 Å) with working conditions of 60 kV and 50 nA and with 450-s exposure time per frame; the detector-to-sample distance was 6 cm. A full Ewald sphere was collected up to 2θ = 72°at room temperature. Data were not corrected for Lorentz or polarization effects or for absorption. Then, to get a powder diffraction pattern, the same grain was studied with an Oxford Diffraction Xcalibur PX Ultra diffractometer equipped with a 165-mm diagonal Onyx CCD detector at 2.5:1 demagnification operating with CuKα radiation (λ = 1.5406 Å). The working conditions were 50 kV and 50 nA with 7 h of exposure; the detector-to-sample distance was 7 cm. Data were processed using the CrysAlis software package version 1.171.36.28 running on the Xcalibur PX control PC. 
Supporting Information
Asimow et al. 10 .1073/pnas.1600321113 Fig. S1 . Backscattered electron image and EDS X-ray intensity maps of an area of mixed metal and silicate; the i-phase forms bright haloes near the image center. The backscatter contrast is set low to show that the dark regions are filled with silicate or oxide material and are not voids. The X-ray maps show that most dark areas are spinel-like, dominated by Mg, Al, and O. However, one large dark area is olivine-like, dominated by Mg, Si, and O. Some of the aluminous regions yield crystalline spinel EBSD or XRD patterns; others appear to be amorphous. The CuAl 5 starting material was to the left and the SS304 capsule wall was toward the right. . Although background subtraction for the small i-phase sample is imperfect, the similarity of patterns and the systematic peak shift to smaller 2θ angle in the new i-phase are evident.
